Nuclear weapons testing generates large volumes of glassy material that influence the transport of dispersed actinides in the environment and may carry information on the composition of the detonated device. We determine the oxidation state of U and Fe (which is known to buffer the oxidation state of actinide elements and to affect the redox state of groundwater) in samples of melt glass collected from three U.S. nuclear weapons tests. For selected samples, we also determine the coordination geometry of U and Fe, and we report the oxidation state of Pu from one melt glass sample. We find significant variations among the melt glass samples, and in particular, find a clear deviation in one sample from the expected buffering effect of Fe(II)/Fe(III) on the oxidation state of uranium. In the first direct measurement of Pu oxidation state in a nuclear test melt glass, we obtain a result consistent with existing literature that proposes Pu is primarily present as Pu(IV) in post-detonation material. In addition, our measurements imply that highly mobile U(VI) may be produced in significant quantities when melt glass is quenched rapidly following a nuclear detonation, though these products may remain immobile in the vitrified matrices. The observed differences in chemical state among the three samples show that redox conditions can vary dramatically across different nuclear test conditions. The local soil composition, associated device materials, and the rate of quenching are all likely to affect the final redox state of the glass. The resulting variations in glass chemistry are significant for understanding and interpreting debris chemistry, and the later environmental mobility of dispersed material.
I. INTRODUCTION
The chemical state of radionuclides in the environment is of considerable interest due to its effects on transport [1] [2] [3] [4] [5] [6] [7] . Heavy elements such as actinides contained in solutions and in crystalline 2 or particulate matrices may be incorporated into groundwater as solutions and colloids, leading to migration over km distances [8] [9] [10] . The selection of suitable hosts for waste materials must take into account the possibility of release of materials into the environment under wet conditions [11] . Many studies of transport therefore are motivated by issues related to the storage of highlevel nuclear waste and utilize highly characterized model waste forms. The migration of actinides at historical test sites has been relatively well studied [1, 4, [12] [13] [14] [15] compared with the limited literature on the parameters that may affect the relative mobility of actinides and fission products in vitrified, macro-scale debris [16] [17] [18] . An understanding of the specific melt glass forms produced by underground and near-surface weapons testing is important for prediction and remediation of contaminant plumes at sites where nuclear testing has occurred. In addition, melt glass can retain a record of chemical signatures of the detonation, including residual actinides from the device [19, 20] . For example, studies have shown that analyses of fission product relationships can be useful to constrain the chemical fractionation processes in fallout, and are characteristic of the nuclear event [21, 22] .
The processes that take place following a nuclear explosion are briefly summarized here. During the first few milliseconds after ignition of a near-surface nuclear test, the device components and some of the surrounding rock and soil are vaporized. In underground tests [23, 24] , the superheated vapor expands, forming a cavity in the surrounding rock. Small amounts of material may condense before making contact with the surfaces of the cavity, forming vitreous materials. The cavity collapses, forming a chimney of fractured rock, and molten material collects at the bottom of the chimney, solidifying into a large mass of melt glass over several days. In surface and near-surface tests [23, 24] , on the other hand, a plume of vaporized device material and rock is released into the atmosphere. Melt glass can be formed in situ (directly on the surface), as well as through the melting of material pulled into the hot plume. Residual actinides from unburned fuel and associated device materials are typically present in the melt glass at µg/g concentrations [20] .
We focus here on the mobility of residual U and Pu. The environmental reactivity of these species in macro-scale melt glasses is not yet understood, and the existing literature on actinide transport implies that it will depend on both the composition of the glass itself and on environmental conditions. In general, U(VI) and Pu(VI) as the uranyl (UO 2 ) ions are relatively soluble and mobile in water, while U(IV) and Pu(IV) tend to sorb to mineral surfaces [25, 26] . This does not necessarily mean that the tetravalent ions are immobilized. Depending on the groundwater chemistry and the mineral and organic species present in the local environment, both U(IV) and Pu(IV) can be incorporated into aqueous colloids [5, 27, 28] or U(IV) may be con-3 verted into U(VI) by weathering [29] . In the case of bulk melt glass, the redox state of the material may impact the redox state of groundwater flowing through the test location [30, 31] , affecting, in turn, the solubility and transport properties of other materials. Therefore, the chemical state of both the actinides and the glassy matrix may strongly influence the source terms used in transport models.
There have been extensive analyses of redox chemistry in synthetic U-and Pu-bearing wasteform silicate glasses [32] [33] [34] [35] [36] [37] [38] [39] [40] . However, information on the redox state of detonation-produced melt glasses is limited. An early analysis of products from two tests at the Nevada National Security Site (NNSS) [16] found that Fe provides a possible signature of reducing conditions during the detonation of a nuclear weapon. Specifically, the Fe(II)/Fe(III) ratio in melt glass is generally higher than in the surrounding rock and soil. It is also important to note that transition metals, including Fe, can act as buffers for the redox state of U and Pu in silicate glasses [40] [41] [42] . To our knowledge, the only further studies in this direction have been two evaluations of Fe oxidation states in fallout glass from the Trinity site [43, 44] and a comparison of Fe and U oxidation states in synthetic melt glasses with specimens collected from the NNSS [30] . In these studies, X-ray absorption near edge structure (XANES) was used to nondestructively determine the bulkaveraged oxidation states of the elements of interest. Other lines of recent evidence based on fission product behaviors [18] also indicate that reducing conditions may have prevailed in at least some nuclear events.
Here, we use XANES to evaluate the oxidation state of U and Fe in melt glass samples from three different U.S. nuclear weapons tests; for one specimen, we also determine the oxidation state of Pu. Where possible, we measure the local atomic structure with extended X-ray absorption fine structure (EXAFS) spectroscopy to further clarify the chemical state of U and Fe. We expand on the existing published XANES studies by (1) characterizing melt glasses produced by tests performed under several disparate conditions, (2) determining the Pu oxidation state in one sample, and (3) using the local structure information provided by EXAFS to derive further constraints on the possible Fe and U species present. Section II describes sample collection, data collection, and data analysis procedures. Section III presents XANES and EXAFS results. In Section IV, these results are compared with literature information on synthetic silicate melt waste forms. In Section V, we summarize and conclude with some hypotheses on the effects of quenching timescales that may explain our observations, and discuss the implications for the interpretation of the chemical record preserved in fallout melt glasses.
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II. MATERIALS AND METHODS
We analyzed melt glass samples produced by three nuclear test events, and soils collected proximate to two of the tests. "Event 1" melt glass is derived from a primarily U-fueled event containing some Pu. A sample of melt glass was collected by drilling into the fractured rock chimney. "Event 2" melt glass is derived from a near-surface event, primarily Pu-fueled and containing some U. "Event 3" melt glass is from a near-surface, primarily U-fueled event. To obtain the two near-surface samples, soil within 10 cm of the surface in the area proximate to the test ground zero was sieved to collect ∼1 mm-diameter glassy particles for analysis. Glasses were selected from the sieved soils by inspection with an optical microscope (see ref. [20] for descriptions of similar glasses). Samples of local soils were also collected from the areas near Event 2 and Event 3, away from the ground zero and the area affected by the fallout plume at each location. here as a standard to assess compositional data accuracy, was dissolved alongside the glass samples using the same procedures. Samples were heated at ∼110 • C for at least 24 hours, until a white fluoride precipitate formed. At this point, ∼1 mL concentrated HClO 4 was added to each beaker to dissolve the fluoride precipitate. Samples were then dried, dissolved in ∼1 mL concentrated HCl, and dried again. Finally, samples were dissolved in ∼5 mL 3 M HCl, with no residual solid fractions remaining. The 3 M HCl solutions were used to determine Fe, U, and Pu concentrations by inductively coupled plasma mass spectrometry (ICP-MS), following the methods of ref. [20] .
In brief, aliquots of the solutions were transferred to a separate set of Teflon beakers, dried, and dissolved and dried twice in concentrated HNO 3 to remove residual chloride. The precipitates were then dissolved in a solution of 2% HNO 3 containing 5 ng/g 6 Li, 45 Sc, 115 In, and 209 Bi for internal standardization of quadrupole ICP-MS measurements. Major and trace element concentrations were measured using either a Thermo iCAP-Q quadrupole ICP-MS, Thermo X-Series quadrupole ICP-MS, or Thermo Element II SF-ICP-MS. Concentrations were quantified using matrix-matched calibration curves for the elements of interest, including Fe, U, and Pu. Elemental concentrations were calculated based on measured signal intensities relative to the known concentrations of the calibration standards.
For X-ray absorption spectroscopy measurements, each melt glass and soil sample was ground in a mortar, and the resulting powders were used to fill aluminum sample brackets with internal volumes of approximately 0.25 cm 3 . XANES and EXAFS data were collected at beamline 11-2 of the Stanford Synchrotron Radiation Lightsource (SSRL). Due to the low concentrations of Fe, U, and Pu present, spectra were collected in fluorescence mode, using a 100-element Ge detector.
Fe K-edge XANES and EXAFS data were obtained for all three melt glass samples, both soil samples, and three Fe(II)-bearing materials (staurolite, grandidierite, and tektite). Low U and Pu concentrations limited the quality of U and Pu L III -edge data that could be obtained. Low-noise U L III EXAFS data were collected from the Event 3 glass, and Pu L III -edge XANES from the Event 2 sample. XANES data were also collected in transmission mode from a set of reference powders: Standards for fits to the EXAFS data were calculated using FEFF8 [48] ; errors in the reported fit parameters were calculated using a Monte Carlo method [49] , and represent one standard deviation from the best fit value. Each error is calculated by fixing the relevant parameter and allowing the others to float until the reduced chi-squared value increases by one. Correlations between the fit parameters (e.g., between coordination numbers and Debye-Waller factors) are therefore reflected in the reported errors.
III. RESULTS
The concentrations of Fe, U, and Pu in the melt glass samples and in soils collected proximate to Events 2 and 3 are given in Table I . Fe K-edge XANES collected from the three melt glass samples and the two soil specimens, as well as reference Fe oxides and minerals, are shown in Figs 1 and 2. Spectra are pre-edge background-subtracted and normalized to the average signal in the post-edge region between 7150 eV and 7250 eV. The energy at "half-height," i.e., the energy at which the absorption coefficient reaches half of the edge step, is empirically linearly dependent on the bulk-averaged Fe oxidation state. This allows us to estimate the oxidation state of the soil and glass samples by interpolation between the half-height energies of the oxides. Results are given in Table II . For the two events for which it was possible to obtain control soil samples, the XANES results show drastic Fe reduction.
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Reduction of iron during melt glass formation can also be observed by examining the pre-edge peaks shown in Fig. 1 (right) and Fig. 2 (right) . XANES studies of Fe-bearing minerals and glasses, including waste-form glasses and fallout collected from the Trinity test [50] [51] [52] [53] [54] [55] [56] [57] , often use the centroid of the pre-edge peaks (after isolation from the background) to quantitatively determine the Fe(II)/(Fe(II) + Fe(III)) fraction. The results of applying this procedure to our dataset are shown in Fig. 3 . We do not use this approach to quantify the Fe(II) fraction here, since the pre-edge features are also highly sensitive to coordination geometry [55, 58] and spin state [59] . In particular, we note that this method gives nearly identical oxidation states for Fe 3 O 4 and Fe 2 O 3 .
The centroid results are, however, qualitatively consistent with the edge shift results, and the preedge features support the conclusion that Fe(III) in the associated soils is reduced to Fe(II) in the melt glasses.
We confirm the predominance of Fe(II) in the melt glasses by examining the Fe coordination.
To suggest possible structural models, we first qualitatively compare the melt glass samples with minerals having known Fe speciation. In Fig. 4 , the k-space Fe K-edge EXAFS collected from the soil and glass samples are shown with spectra collected from staurolite, containing 4-coordinate Fe(II) [55] ; grandidierite, containing approximately 90% 5-coordinate Fe(II) and 10% Fe(III) [60] ; and a tektite from the Australasian strewnfield [61] . Tektites have been proposed as naturally occurring analogs to nuclear melt glass [56, 57] , and are reported to predominantly contain Fe(II) in distorted tetrahedral coordination [43, 62, 63] . Table III show EXAFS fitting results. For analysis of the melt glass spectra, we restricted the fit to the range of 1.0Å < R < 3.0Å and used only two coordination shells.
Attempting to add further oxygen coordination shells reduces the number of degrees of freedom and yields less reliable fits. The same fitting procedure was then applied to the soil and tektite data.
For all three glass specimens, we obtain a coordination number of ∼3 and a bond length of ∼1.9Å
for the first shell. The low coordination number for the second shell is consistent with the expected amorphous nature of the material. The soil samples show higher coordination numbers, with large uncertainties in the second shell coordination number; this is consistent with the presence of a mixture of igneous Fe-Ti oxide minerals in NNSS soil [20] . For the tektite, we obtain a coordination number of ∼3, with a bond length of ∼2.0Å. Applying the two-shell fitting procedure to staurolite and grandidierite yields poor results, as there is a complex series of coordination shells between 2.5Å and 3.5Å from the Fe sites in each mineral [60, 64] . We therefore follow ref. [60] by fitting only the first shell over a range of 1.0Å < R < 2.0Å. This yields coordination numbers of ∼3 for 4-coordinate staurolite and ∼5 for primarily 5-coordinate grandidierite. Overall, these results confirm that Fe in the melt glasses is predominantly 4-coordinate Fe(II). The bond lengths observed for the melt glasses and tektite are near the endpoints of the previously reported range for tektites collected from various strewnfields [52, 63] .
Uranium L III -edge XANES collected from the three melt glass samples, two U(IV) compounds, and one U(VI) (uranyl) compound are shown in Fig. 6 . U(V), by analogy with Np(V), should have a slightly negative shift of the white line position compared to that of U(IV) [65] . Given the positive shifts of the white line relative to that of UO 2 , all three samples display bulk-averaged oxidation states intermediate between U(IV) and U(VI), with the Event 3 glass containing the largest fraction of U(VI). The measured white line shifts are given in Table IV , together with bulk-averaged oxidation states estimated by interpolating linearly between the white lines of the reference compounds. We note that in principle it should be possible to obtain a more accurate estimate by decomposing the melt glass spectra into linear combinations of the U(IV) and U(VI) reference spectra. However, the post-edge features in the melt glass spectra (centered near 17190 eV) cannot be reliably fit with this approach. In addition, our simple linear interpolation implicitly assumes that the quantity of U(V) present is negligible [66] . Keeping these systematic uncertainties in mind, we estimate U(VI)/(U(IV) + U(VI)) fractions of ∼32% for the Event 1 and Event 2 glasses, and ∼84% for the Event 3 glass.
The U content of the Event 1 and Event 3 glasses was sufficiently high for collection of EXAFS data in addition to the XANES (Fig. 7) , though the noise level of the Event 1 data leads to large uncertainties in the extracted coordination numbers. Fourier-transformed EXAFS data and fit results are shown in Fig. 8 , and the fit parameters are given in Table V . For ∼60% of the uranium in the Event 3 glass, we find one coordination shell with a bond length of ∼1.77Å, consistent with the axial U-O bonds in the uranyl U(VI) ion [65] . The small value of σ 2 is qualitatively consistent with a nearly undistorted uranyl coordination. U(V) may be present in glassy materials [37, 42, 67] , and in this case a small amount of U(V) (which should have a U-O ax distance of about 1.83Å [65] ) is possible, especially given the slightly enhanced σ 2 value of 0.006Å 2 , where more typically
However, since uranyl coordination in a pure compound is 2, these data indicate 60 ± 10% of the uranium in the sample is in uranyl-like bonding environments, mostly as U(VI). The second shell contains 3.5±0.5 atoms at 2.28±0.1Å, consistent with equatorially coordinated oxygens, but also possibly containing contributions from a U(IV) phase.
A Pu L III -edge XANES spectrum was also collected from the Event 2 sample, and closely matches that of PuO 2 (Fig. 9) . All three samples contain Zr, and the Zr K edge (approximately 60 eV below the Pu L III edge) contributes a significant background. While the Event 1 melt glass 8 contained some Pu (Table I) , a low signal-to-background ratio made it impractical to collect Pu L III -edge XANES in this sample.
IV. DISCUSSION
The data allow for several observations regarding the variations in the oxidation states of Fe and U in samples formed under different nuclear testing conditions. For this discussion, we assume that the U and/or Pu associated with each event was in a metallic form prior to detonation. The XANES data acquired from the soil samples indicate that the Fe present in the surrounding rock and soil contributed a large quantity of Fe(III) in oxide form to the melt glasses. We observe oxidation of U to a mixture of U(IV) and U(VI) in all three melt glasses, with a larger fraction of U(VI) in the Event 3 sample; our assumptions and observations concerning the change in average oxidiation state of each species are summarized in Fig. 10 . It is curious that the U-fueled event (Event 3), which under our assumptions would have had the largest quantity of metallic U present before detonation, records the most oxidized uranium in the resulting melt glass. The Pu in the Event 2 sample is predominantly oxidized to Pu(IV).
The iron in the melt glass is present as reduced Fe(II) in all three samples. Structural and diagnostic equipment associated with a nuclear weapons test may contribute an appreciable mass of metallic iron to the resultant debris. This would likely have been most significant in underground testing, where device and associated structure and diagnostics can contribute a few tenths of a weight percent Fe to the melt glass [16] . In this case, one might predict that the melt glass from the underground test (Event 1) would record the most reduced Fe, because of the significant contribution of metallic Fe before detonation. In these samples, however, the sample that shows the most reduced Fe is derived from the near-surface U fueled test (Event 3). This may imply that considerable metallic iron was available as a tower or diagnostics-related equipment to Event 3, but further conclusions cannot be made from these data alone.
In synthetic melt glasses, Fe acts as a buffer for U [40] [41] [42] . However, the Event 3 glass in the present study contains more reduced Fe and oxidized U in comparison with the Event 1 and Event 2 glasses. The observed variation between melt glass samples from different events may be attributed to the differences in initial conditions, respective cooling rates, and/or the non-equilibrium redox conditions produced by a nuclear detonation. A nuclear explosion can produce an initial plasma largely devoid of oxygen (highly reducing conditions), and as noted above, may mix metallic Fe from the device and/or associated structure in with the oxidized Fe contained in the surrounding 9 rock. Recent studies have shown that aerodynamic fallout that has likely quenched in atmosphere cools to a glass on time scales of seconds [18] . We hypothesize that this short cooling time scale inhibits the expected Fe/U buffering effect by locking in the oxidation states of Fe and U before local oxygen fugacity can have any significant effect (as in the production of synthetic glasses under equilibrium conditions). Weathering driving U(IV) towards U(VI) [29] may be another explanation for the high U(VI) content of the Event 3 glass; we cannot rule out such effects based on the present data alone, but note that for similar melt glasses [18] , reported step-heated gas extraction patterns are inconsistent with any significant disturbances due to weathering effects.
The uranium associated with the device is likely to be ionized by the high temperatures reached at the center of the detonation, typically over 10 7 K [17, 23, 68] . We therefore assume that uranium initially condenses and is incorporated into the glass as U(VI), the most highly ionized state observed in solid U-O phases [69, 70] . Under this hypothesis, we might interpret Event 3 glass to have been quenched before equilibration between the Fe(II) and U(VI) could occur, while the glasses from Event 1 and Event 2 cooled over a slightly longer time, allowing some Fe(II) oxidation
to Fe(III), and corresponding U(VI) reduction to U(IV). It is interesting that the EXAFS-derived bond lengths are inconsistent with the presence of a significant quantity of U(V). While U(V)
disproportionates to U(IV) and U(VI) in aqueous solution, it can be a stable oxidation state in silicate glasses [37, 40, 42, 71] . The small fraction of U(V) in the present samples may be due to lower concentrations, relative to synthetic glasses, of redox-sensitive species that can stabilize U(V) (such as Ti [72] and Ce [40] ), or may be another effect of the rapid quenching of the melt glass before equilibration with the atmosphere.
For comparison, we note that a previous study of melt glass collected from underground tests [30] reported Fe(II) fractions ranging from 33% to 53%. The fraction of U present in each oxidation state was not quantified, but XANES data qualitatively indicated the presence of a mixture of U(VI) and U(V). One explanation may be that these samples cooled over longer timescales than the samples used in this study, allowing for equilibration and yielding oxidation states similar to those found in synthetic glasses. Melt glass produced by the Trinity test is known to contain Fe predominantly as Fe(II) [43, 44] . Measuring the oxidation states of U and Pu in Trinity melt glass could provide an instructive comparison regarding the influence of both quenching time and structural material on the final redox state of actinides in the glass, as the Trinity test was conducted under well-documented atmospheric conditions in the presence of a steel tower containing metallic iron [73] .
To summarize, quenching timescales and the incorporation of device and associated structural materials, as well as the original oxidation state of the carrier (soil) materials, into the resultant melt glasses are likely to determine the final redox states of Fe and U. Both of these effects would increase the final fraction of Fe(II) in the melt glass, and they must be disentangled in order to draw quantitative conclusions regarding the sources of iron in the melt glass. Spectromicroscopic data may provide more detailed information in this regard, as lectron microscopy studies have observed metal-rich regions with dimensions ranging from nanometers to millimeters in Trinity event debris [19, 74] . In addition, from the point of view of environmental transport, the presence of a large fraction of U(VI) in a uranyl-like bonding environment is quite interesting, since U(VI) as uranyl is the most soluble and mobile oxidation state of uranium [26, 65, [75] [76] [77] . In these specimens, however, the uranium is bound in the melt glass, and unlikely to be easily mobilized in its present state.
Finally, we observe that the Pu oxidation state measured in melt glass from Event 2 (Pu(IV), Fig. 9 ) is consistent with the literature on actinide-bearing silicate glasses. Waste-form glasses synthesized under a wide range of oxygen fugacities contain Pu pre-dominantly as Pu(IV) [35, 78] .
The stability of the Pu(IV) oxidation state has been attributed, by some authors, to the presence of large mass fractions of Fe [71] . The Fe(II)/Fe(III) redox couple can stabilize the oxidation state of Pu, since Fe(II) typically oxidizes before Pu(IV), while Fe(III) is typically reduced before Pu(IV). This couple also affects environmental Pu transport mechanisms, since Pu(IV) is relatively insoluble in water, but forms PuO 2 colloids [9, 10] and sorbs to colloidal minerals [79] [80] [81] . The encasement of Pu into macroscale glassy matrices, however, may reduce the probability of initial colloid formation, and serve to inhibit the transport of actinides, as observed in waste vitrification studies.
V. SUMMARY
We have determined the bulk-averaged oxidation states of U and Fe in three melt glass samples produced in different nuclear tests: a near-surface U-fueled test, a near surface test containing U and Pu, and an underground test containing U and Pu. We find that Fe is strongly reduced in all three melt glasses, suggesting the incorporation of significant Fe(II) at the time of detonation and/or reduction of Fe(III) to Fe(II) during the formation of the melt glasses. We also found that the U glass from the two mixed-actinide events is a mixture of U(IV) and U(VI). The Fe found in the melt glass from the U-fueled event is almost entirely 4-coordinate Fe(II), while over 60% of the uranium in this sample is U(VI) in a uranyl-like bonding environment.
We have also spectroscopically determined that the oxidation state of Pu in the near-surface Pufueled event melt glass is predominantly Pu(IV). Our Pu results corroborate the existing literature on Pu glass synthesis, while our U and Fe results imply that melt glass redox chemistry varies widely depending on test conditions. The presence of the most reduced Fe and oxidized U in the melt glasses from the U fueled test, as compared with the Pu-U fueled and underground tests, suggests that a single oxygen fugacity and redox equilibrium do not apply to melt glasses from nuclear weapons testing. We hypothesize that cooling timescales and the availability of metallic Fe from the device and structure may be primarily responsible for the observed variations.
Further information is needed to quantify the relative importance of these two effects and to better understand the relative effects of environmental and anthropogenic sources of iron on the resultant oxidation states of the residual actinides. Differences in the composition of melt glass in contact with groundwater may have considerable consequences for dissolution and transport processes in nuclear debris fields.
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Fe-O 3.1(7) 5 ). An estimate of 0.75 was used for S 2 0 in determining the reported coordination numbers N [82] . The fit range used was 1.0Å < R < 3.0Å except in the cases of staurolite and grandidierite, for which the fit range was 1.0Å < R < 2.0Å. In all cases, the k 3 -weighted data were transformed between 2.5Å −1 and 10.0 A −1 , and Gaussian narrowed by 0.3Å −1 . Stern's rule [83] gives an estimate of 11.6 possible independent parameters for the fits to the glass, soil, and tektite data; the fits reported here have 4.6 degrees of freedom.
The staurolite and grandidierite data allow 6.8 independent parameters and the fits have 2. (Fig. 8 ). An estimate of 0.9 was used for S Near-surface U-fueled
